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Introduction
Giant MagnetoImpedance (GMI) in soft magnetic materials has considerable potential for magnetic field sensing applications [1, 2] , for which high sensitivity to the magnetic field and low equivalent magnetic noise spectral density are required. In the past few years, a theoretical model of GMI sensor noise, treating its dependence upon material properties has been developed, [3,4,] . It has been applied to the white noise regime [5] , for which we found that electronic noise dominates and explains the discrepancies between the expected, intrinsic, GMI noise and experimental noise measurement. In contrast, the lf, 1/f, noise, which has been observed, has not been theoretically investigated. This work focuses on this issue. A first theoretical estimate of the intrinsic magnetic noise at lf is proposed, in order to evaluate the fundamental limitations of GMI sensing elements. Expected wire sensor noise performances are reported and compared with experimental observations.
Noise in GMI sensing elements
It has been recognized that thermal fluctuations of the magnetization set fundamental limits to the signal-to-noise ratio of magnetoresistive sensors [6] . The response of any magnetic field sensor, which depends upon the magnetization direction of its sensing elements, is subject to intrinsic magnetic noise arising from thermal fluctuations of the magnetization. For a soft magnetic wire, driven by a high frequency longitudinal current, such as a GMI sensing element, we have presented a model, discussed above, with which we may evaluate intrinsic GMI sensor white noise [3, 4] . Here, we extend it to include the fluctuation-dissipation theorem for the magnetization at lf. Based on a small signal analysis, the voltage appearing across the GMI is usually given by
where Z is the impedance of the wire at the working magnetic field point, and ∂Z/∂B is the impedance sensitivity; with B the magnetic induction; b(t) is the small sensed applied magnetic induction, z n (t), the equivalent impedance noise variation and I(t) the sinusoidal rf current of amplitude and angular frequency, I AC and ω 0.
By using classical demodulation technique and considering chain gains to be unity, the Fourier Transform of the output signal of the lock-in is
where ω (= 2πf ) is the angular frequency. At the working angular frequency, ω 0 , it yields sensor field sensitivity, in V/T, of ( )
and an equivalent voltage noise, in V/√Hz, of ( ) ( )
We assume that the cylindrical shell volume of the GMI wire, defined by the skin depth, is a single domain with a uniform helical magnetization, subject to a uniform effective internal field dominated by magnetoelastic anisotropy. Then, the impedance of the wire, Z, obtained from the solution of Maxwell's equations and the linearized Landau-Lifshitz equation for magnetization dynamics, can be approximated by [3, 4] 2 0 Z=Z +∆Zcos θ , (5) where θ is the angle between the shell layer average magnetization and the wire longitudinal axis (see Fig. 1 of [3] ). In Eq. We assume that the driving field, h φ , static applied field, H 0 , and effective anisotropy field, H K , are all small compared to the saturation magnetization, M s .as is usually the case for GMI. We further assume that the impedance noise power spectral density, S hh , depends upon the thermal fluctuations of the free layer magnetization. Assuming equipartition theorem and our previous model, as was done in refs. [3, 4] , we find ( ) ( ) ( )
In Eq. (6) S θθ is the spectral density of the magnetization direction fluctuations, χ t , the magnetic susceptibility, ϑ , the free layer wire volume, µ 0 the permeability of free space, and k B T, the thermal energy. The imaginary part of the susceptibility χ'' is usually thought of as the coefficient that describes the losses driven by applied fields.
After some simplification, based on our previous description [3] , the equivalent impedance noise spectral density may be rewritten as
where c is a constant and ( ) χ'' tan δ = χ'       is the magnetic loss tangent factor (assuming χ' ≈ 1 for ω → 0). Let us assume [4] , a wire with circumferential anisotropy such that the magnetization versus field relation is given by 0 K cosθ= H H , and thus the internal field is ( )
